ABSTRACT
Type 1 diabetes (T1D) develops via spontaneous autoimmune destruction of pancreatic beta cells. The immunoprogression and effectors of T1D have been determined using non-obese diabetic (NOD) mouse mode. Transgenic mice overexpressing a variety of transgenes driven by insulin promoter demonstrate that both apoptosis and necrosis lead to islet cells death; furthermore, various immune cells and cytokine effectors are involved in the immunoprogression of T1D. Efficiently halting immune attack in the islet milieu by an effector-specific manner apparently provides the preventive and therapeutic strategies in T1D. Islet transplantation has been reported as an appropriate treatment to accomplish insulin independence and long-term homeostasis of glucose in T1D. However, it is difficult to protect the islet grafts from subsequent immune attack and prolong their survival. In this review, we highlight the transgenic mice that express transgenes restricted in islet cells to depict the complicated interactions of immune cells in inflammatory islets, to investigate the protective efficacy of some immunomodulatory genes, and to develop geneticallymodified islets tolerant to immune attack that might be used in future clinical application.
INTRODUCTION
Type 1 diabetes (T1D) results from a chronic autoimmune destruction against the beta cells in the islets of Langerhans of the pancreas. Substantial decrease in the production of endogenous insulin affects the normal physiological and glycemic control leading to a series of chronic and degenerative complications, such as retinopathy, nephropathy, neuropathy, atherosclerosis, and lipid disorders (1, 2) . In such insulin-dependent diabetes mellitus (IDDM), daily treatment with exogenous insulin is required to support life. It is usually characterized by a juvenile onset and currently afflicts about five million individuals in the world (3, 4) .
T1D is now investigated as a multifactorial autoimmune disease and both genetic factors and environmental stimuli are involved in the pathogenic process of disease (5, 6) . It is a polygenic disease and the human leukocyte antigen (HLA) of major histocompatibility complex (MHC) region on chromosome 6p21 is now known to contain the major loci of T1D. Other genes encoding insulin (INS) on 11p15, CTLA4 on 2q33, PTPN22 on 1p13, the interleukin-2 receptor α chain (IL2RA, also known as CD25) on 10p15 and the IFIH1 (also known as MDA5) on 2q24 are also determined (7, 8) . More recent studies have established a significant association between chromosome 12q24, 12q13, 16p13 and 18p11 and T1D (9) . Susceptibility to T1D is strongly determined by HLA DQ beta alleles that encode serine, alanine, or valine at position 57 on both chromosomes (10) . DQ beta alleles positive for aspartic acid at position 57 mediate resistance to T1D. Also, HLA DR beta1-DQ beta1 alleles lacking aspartic acid at position 57 are associated with a higher degree of T1D susceptibility in Japanese patients (11) . Peptide elution studies by Ramensee, et al. provided evidence indirectly supporting the hypothesis that HLA-DQ and -DR polymorphisms mediate the susceptibility to IDDM by selectively affecting the nature of the peptides presented to T cells by these MHC II molecules (12) . Thus far, several autoantigens targeted in T1D are clarified, including insulin, GAD65, GAD67, et al. (13) .
In 1980, T1D animal model has been established from outbred Jcl:ICR mice that exhibit cataract typical for diabetic patients (14) . The resulting non-obese diabetic (NOD) mouse model reveals polydypsia, polyuria, hyperglycemia and insulin deficiency. Diabetic frequency is distinct between different genders in NOD mice. Cumulative incidence in female mice is 80-90% by the age of 30 weeks, but only 20% in male mice (15) . Similar to human patients with human insulin-dependent diabetes mellitus (IDDM), NOD mice reveal disease-associated polymorphisms in MHC II I-A beta genes and succumb to a disease process resembling the human patients (16, 17) . According to the high similarity, plenty of the knowledge of immunopathogenesis about T1D is derived from the NOD animal model. The progress of the disease seems to be happening through two key breakdowns. From 3-4 weeks of age, inflammatory cells infiltrate into the pancreas starting as the non-invasive peri-islet infiltrate, termed insulitis. However, the infiltration turns into an aggressive state with time, and significant beta cell destruction as well as consequent diabetes is evident around 10-12 weeks of age. The infiltrated inflammatory cells consist of T cells, B cells, macrophages, and dendritic cells (DCs). Accumulating evidence reveals that the development of T1D is the complex multi-cellular interactions of these cells.
Results from adoptive transfer experiments indicate that both CD4 and CD8 T cells are necessary for T1D development (18) . Based on the analyses of human pancreatic biopsy, it has been reported that both MHC I and II molecules are aberrantly expressed on beta cells in association with immunoreactive interferon-alpha, however, these aberrant expressions are often observed in the absence of an inflammatory infiltrate. Therefore, it has been suggested that the upregulation of MHC I and II is an early event before the development of insulitis, and it may not be associated with the cytokines produced by mononuclear cells. In parallel, results from transgenic mice expressing syngenic H-2K (MHC I) in B10 background or I-A alpha/I-A beta (MHC II) in BALB/c background restricted in beta cells failed to prove the correlations between diabetic incidence and immune attack, since no autoimmune reaction and lymphocyte infiltration have been observed in the islets (reviewed in 19 and 20) . However, due to the lack of equal amount of beta-2-microglobulin coexpression, transgenically overexpressed class I heavy chain failed to be transported to cell surface, making the results inconclusive (21) . Thus, these results can only imply that priming or induction of CD4 T cells is not necessarily associated to the abnormal expression of MHC II on beta cells.
Priming of these beta cell-specific autoreactive T cells seems to need pancreatic lymph node (PLN) (22) . Results from both BDC2.5 and 8.3-NOD models, transgenic mice carrying beta cell antigen-specific TCR Vα1Vβ4 CD4 T cell clone or Vα17Jα42 CD8 T cell clone respectively, have demonstrated that these autoreactive T cell clones were primed exclusively in PLN (23, 24) and this process did not occur in neonatal stage (24) . It has been proposed that this priming process is possibly associated with the shedding kinetics of beta cell antigens in NOD mice. In 2000, Trudeau et al observed that priming of 8.3-CD8 + or BDC2.5-CD4 + T cells in NOD mice is preceded by a physiological wave of beta cell apoptosis, which peaks at about 2 weeks of age (25) . Therefore, it has been proposed that death of beta cells facilitates the entry of antigens into the cross-presentation pathway (23); however, shedding of beta cell autoantigens to the cross-presentation pathway in autoimmune diabetes is not T cell-dependent (26). All these results strongly suggest that the shedding and presentation of beta cell antigens in PLN of juvenile animals may be the initial step of the first "checkpoint" in diabetic progression that results in insulitis.
After priming, effector T cells as well as other lymphocytes, dendritic cells (DC) and macrophages drain into the pancreas. The peri-islet infiltration of immune cells turns to be aggressive until 10-12 weeks that evokes significant immune cell attraction. There might be complicated interactions among cells and effectors in islet milieu over this period. Transgenic mouse models overexpressing a variety of genes in beta cells provide useful tools to uncover these complicated interactions and explain this aggressive switch. Via a variety of transgenes expressed locally in beta cells, autoimmune process-related cytokines, adhesion molecules or other mediators are thus far investigated to have definitive roles in the immunopathogenesis of T1D. Furthermore, counterregulation factors/antagonists can also be evaluated in these transgenic mice for their potential as therapeutic targets in the future.
TRANSGENIC MOUSE MODEL
Transgenic mice are created by injecting purified DNA into male pronuclei of one-celled mouse embryos and followed by re-implanting these embryos into the oviduct of pseudopregnant female mice and allowed to continuous development ( Figure 1 ) (27). The developed embryos may incorporate the injected DNA into chromosome. The integration must take place before pronuclei fusion. Once it integrates in or after the stage of embryo cleavage, the resulting transgenic mice will be mosaic (28). The Figure 1 . Generation of transgenic NOD mice. Superovulated female NOD mouse is mating with male one and the one-celled embryos at the stage that nuclei from egg and sperm have not fused are then collected. Purified DNA constructs are delivered into male pronuclei in the one-celled embryos via microinjection followed by re-implanting these embryos into the oviducts of pseudopregnant female mice, allowing them to continuous development. The offsprings are then genotyped by Southern blot hybridization.
integration is usually random and ranging from one to several hundred copies. DNA from those mice will then be extracted to confirm the existence and the copies of transgene by Southern blot analysis. In theory, the transgene should be stably expressed in the offsprings, though rearrangements of the tandem array have been reported (29, 30).
Insulin promoter is a well-defined and pancreas-specific promoter regulated by complex signaling-controlled transcription factors, such as PDX-1, MafA, E47/b2, associated with cAMP regulation (31) . Although low level of insulin has been detected in some extra-pancreatic tissues such as brain and thymus, the insulin promoter is the most popular one driving transgene restricted in beta cells. In some cases, insulin promoter-driving transgenes can also be detected in kidneys. Most of the literature on the insulin promoter pertains to rat insulin promoter (RIP) and human insulin promoter (HIP) that efficiently drive transgene expression in the pancreas. Recently, sequences of insulin promoters from various organisms were compared and emphasized the dissimilarity between rodent and human insulin promoters (32). It might give some takehome messages about the consequences of the thus far generated transgenic animal systems, not merely expression level, transgene distribution but also kinetics of regulation.
The transgenic mouse models that ectopically expressed various transgenes in islet cells described in this review (summarized in Table 1 ) help to dissect the immunopathogenic and immunomodulatory roles of effectors in T1D. We here not only depict the correlations of these transgenes with immunopathogenesis of T1D but also investigate the therapeutic potential of counterregulation factors/antagonists-based genetically-modified islet grafts in the future.
IMMUNOPATHOGENESIS OF T1D

Pro-inflammatory mediators and antagonists
It has been well characterized that there are elevated pro-inflammatory cytokines such as IL-1beta, IFN-gamma, TNF-alpha in inflamed pancreas (33) (34) (35) The susceptibility of beta cells to these inflammatory situations and the targeting therapeutic candidates have been determined through various Abbreviation: NOD, non-obese diabetic mice; B6, C57BL/6; RIP, rat insulin promoter; HIP, human insulin promoter; TRX, thioredoxin; HO-1, heme oxygenase 1; E3, adenovirus early region 3; DcR3, decoy receptor 3; PD-L1, programmed death 1 ligand 1; SOCS-1, suppressor of cytokine signalling-1; CTLA-4, cytotoxic T lymphocyte-associated transgenic mouse models. Respective antagonists have also been provided as the potential tools against T1D.
TNF-alpha
The kinetic expression of TNF-alpha in islets has already been shown to be accompanied with the progression of autoimmune diabetes (54) . To explore the role of TNF-alpha in autoimmune diabetes, B6 mice bearing TNF-alpha transgene restricted in beta cells were generated showing severe lymphocytic infiltration, but no diabetes (55) . The inflammatory cells infiltrated in islets composed of CD4 and CD8 T as well as B lymphocytes; however, this insulitis does not progress with age (56) . These results suggest that inflammation induced by TNFalpha is not sufficient to progress islet destruction in non-NOD mice.
TNF-alpha has multiple functions in the development of the immune system. In addition to serve as the pro-inflammatory cytokine, it also modulates the adaptive immune responses. Early administration (from birth to days 21-24) of nontoxic doses of TNF-alpha via i.p. injection results in an increased incidence and early onset of diabetes in female NOD mice (57) . Coincidence with early TNF-alpha administration outcome, neonatal RIP-TNF-alpha transgenic mice reveal an accelerated onset of diabetes by provoking influx of antigen-presenting cells to present islet peptides to activate autoreactive T cells (58) .
Results from this transgenic model also demonstrate that the rapid onset of diabetes in RIP-TNF-alpha mice is CD8 T cell dependent and not associated with CD4 T cells as well as CD40-CD154 signaling (59) . Furthermore, neonatal treatment with or blockade of TNF-alpha demonstrates that TNF-alpha would skew DC subsets and affect the DC maturation (60) .
In contrast, a reduced incidence and a significant delayed onset of diabetes occurred in NOD mice administered with TNF-alpha at 4 weeks of age or later for a period of 3 weeks (61). Consistent with this, RIP-TNFalpha transgenic mice generated by Grewal, et al, which expressed TNF-alpha locally in islets at 7 weeks of age or later, were protected from IDDM (62).
These results indicate that in addition to serve as a pro-inflammatory mediator, TNF-alpha can positively or negatively regulate peripheral tolerance of T cells against beta cell antigens in NOD mice, possibly through the modulation of DC functions in an age-dependent manner.
IFN-gamma
IFN-gamma is produced mainly by T lymphocytes and natural killer cells in response to viral and bacterial infections. IFN-gamma has been proved to enhance the immunomodulatory function of antigenpresenting cells and cytotoxicity of natural killer cells; it can also recruit lymphocytes to perform their effector functions (63). Furthermore, it has been found that IFNgamma expression is closely correlated with islet cell destruction (64) . HIP-IFN-gamma transgenic BALB/c mice developed diabetes by the influx of inflammatory cells and progressive destruction of pancreatic islets (20) . Moreover, result that lymphocytes from HIP-IFN-gamma transgenic mice are cytotoxic to normal islets in vitro suggests that pancreatic expression of IFN-gamma alters immune regulation and results in lymphocyte activation (65) . Consistent with this, treatment of NOD mice with anti-IFNgamma mAb prevented the cyclophosphamide-induced T1D as well as the adoptive transfer-mediated diabetes (66) . Because IFN-gamma can synergize with other lymphokines to upregulate the expressions of MHC I, II and Fas molecules (reviewed in 63 and 67), these results demonstrate that IFN-gamma also plays a role in the activation of autoreactive T lymphocytes leading to subsequent cytotoxicity.
Thioredoxin (TRX)
Thioredoxin (TRX) contains conserved vicinal cysteine residues in CXXC motif that are kept in reduction state by the NADPH-dependent seleno-flavoprotein, thioredoxin reductase (68) . It facilitates the reduction of other proteins by cystein thiol-disulfide exchange. It has been shown that TRX is induced by various types of stress, such as virus infection, X-ray irradiation, and H 2 O 2 ; it acts as a scavenger of ROIs and repairs proteins oxidized by them (69, 70) . To directly assess the implications of oxidative stress in T1D, Hotta et al. have generated transgenic NOD mice with TRX overexpression in pancreatic beta cells (71) . The incidence of diabetes is dramatically reduced, whereas insulitis development is not prevented. Moreover, induction of diabetes by streptozotocin, a ROI-generating agent, is also abated in these TRX-expressed transgenic NOD mice. These results strongly suggest that oxidative stress is an essential factor involved in the destruction of beta cells in autoimmune T1D. Our current results also demonstrate that NOD islets transduced with lentiviral vectors carrying TRX gene significantly prolong the graft survival in diabetic recipients, further supporting a protective role of TRX in beta cells against immune attack (unpublished data).
Heme oxygenase-1 (HO-1)
The heme oxygenase-1 (HO-1) gene is commonly induced by agents and chemicals that produce an oxidative cellular stress involving the generation of reactive oxygen species (ROS). In this regard, HO-1 induction has been recognized as a general response to oxidative stress. HO-1 catalytically converts its substrate, heme, into three principle reaction products, iron, carbon monoxide (CO) and biliverdin which is subsequently reduced into bilirubin by biliverdin reductase (reviewed in 72). These metabolic side products mediate an efficient anti-oxidant effect and anti-apoptosis via MAPK pathway and activation of NF-kB (reviewed in 73). It has been shown that long-lasting expression of HO-1 by intermittent administration of CoPP decreases blood glucose and pancreatic O 2 , and increases cell survival in NOD mice (74) . Meanwhile, single intravenous injection of a rAAV carrying HO-1 gene reduced destructive insulitis and the incidence of overt diabetes (75) . It has been shown that reduction of CD11c + DC population may be part of the reason leading to protection. It might be interesting to transgenically express HO-1 locally in pancreatic islets against immune cell-induced oxidative stress without affecting CD11c+ DC percentage shown in NOD mice with systemic HO-1 expression. Our laboratory has generated such transgenic NOD mice and demonstrated a significant protective role of HO-1 in beta cells; the application of HO-1-overexpressing islets for transplantation is currently under investigation (unpublished data).
Suppressor of cytokine signaling-1 (SOCS-1)
Pro-inflammatory cytokines such as IFN-gamma induce Janus tyrosine kinase (JAK)-signal transducer and activator of transcription-1 (STAT1) signaling in beta cells (39, 76) . This activation pathway subsequently upregulates Fas, MHC molecules as well as inducible nitric oxide synthase (iNOS) that contribute to the pathogenesis of T1D leading to the destruction of beta cells. Moreover, they also induce chemokine expression, especially CXC ligand 9 and 10, by beta cells that might be involved in the development of insulitis (77, 78) . Suppressor of cytokine signaling-1 (SOCS-1) has been shown to inhibit JAK kinase, prevent STAT1 signaling (79) and subsequently attenuate IFNgamma transduction (39). SOCS-1 is primarily expressed in beta cells (39). Islets from C57BL/6-129sv mice deficient in SOCS-1 are more sensitive to TNF-alpha-and IFNgamma-induced cell death (76) . TCR transgenic NOD8.3 mice overexpressing SOCS-1 on beta cells are completely free from diabetic development, indicating a protective role of SOCS-1 in beta cells (80) . The result also demonstrates that the protection is contributed at least in part by inhibiting TNF-alpha and IFN-gamma-induced Fas expression on beta cells. Additionally, IFN-gamma-induced MHC I upregulation and TNF-alpha-and IFN-gammainduced IL-15 expression by beta cells are also inhibited by SOCS-1. These results strongly suggest that increase of SOCS-1 expression in beta cells should be a powerful strategy to block cytokine mediated inflammation followed by CD8 T cell-mediated cytotoxicity in T1D.
Th1/2 counter-regulation
The immune system is dynamic, however, maintained in balance among various types of T lymphocytes. Disturbance of this homeostasis could lead to dominance of a specific effective response and provoke autoimmune disease. The CD4 T lymphocytes include two major types, Th1 and Th2 subsets. Th1 cells release predominantly IFN-gamma, which has been considered being involved in pathogenic autoimmunity, such as experimental autoimmune encephalomyelitis (EAE) and T1D. In contrast to the Th1 cells, Th2 cells producing IL-4, IL-5, IL-6, IL-10 and IL-13 are associated with allergic response and presumably dampening the Th1 effective response. It has been shown by animal studies that administration of cytokines to promote Th1 cell development exacerbates the autoimmune diabetes and that monoclonal antibodies against Th1-derived cytokines block the development of the disease (81) . In addition, beta cellspecific T cell clones that skewed to Th1 phenotype could efficiently transfer disease into young NOD recipients (82) (83) (84) . Th2 cells characterized by the secretion of IL-4, 5, 6, 10 and 13 are mainly involved in humoral immunity and play critical role in the suppression of IDDM.
Administration of IL-4 (85) or IL-10 (86), that promotes
Th2 development, protects NOD mice from diabetes. The following transgenic mice, originally designed to explore the modulatory roles of Th1/2 cytokines in immunopathogenesis of autoimmune diabetes, unravel more pleiotropic functions of these cytokines besides Th1/2 balance.
IL-4
In situ expression of IL-4 within the islets could alter the diabetogenic properties of T cells that infiltrate to the pancreas and trigger them to differentiate toward a nondestructive phenotype. It has been demonstrated that expression of IL-4 in beta cells completely protects NOD mice from insulitis and autoimmune diabetes (87) . Lymphocytes from these transgenic mice present the tolerant properties that fail to either destroy syngenic islet grafts or to provoke diabetes by adoptive transfer experiments. Transgenic expression of IL-4 in beta cells attenuates the effector function and pathogenicity of autoreactive T cells in a systemic manner (88) . The mechanism underlying IL-4 counter-regulation seems in part depend on overwhelming Th1 activity. HIP-IL-4 transgenic NOD mice are also protected diabetes against cyclophosphamide injection, which can upregulate IFNgamma expression by pancreatic lesion and favor Th1 activity. In addition, it has also been reported that IL-4-mediated counter-regulation is T cell repertoire-dependent. Pancreatic expression of IL-4 activates islet antigenspecific BDC 2.5 T cells and triggers IDDM in HIP-IL-4/BDC2.5 double transgenic mice. It is considered that local expression of IL-4 increases self-antigen presentation by DCs and macrophages resulting in accelerated development of autoimmune diabetes in these double transgenic mice (88, 89) . This result also implies that, in addition to effector T cells with enough diversity of their T cell receptor repertoires, the regulation of immune tolerance within pancreas would require some other types of T cells such as nature killer T (NKT) or regulatory T (Treg) cells (reviewed in 90 and 91).
TGF-beta
It has been well characterized that transforming growth factor beta (TGF-beta) plays an important role in anti-inflammation (92) . This cytokine inhibits the production of pro-inflammatory and effector cytokines from macrophages and lymphocytes. Additionally, TGFbeta downregulates MHC II expression on macrophages and B cells (93) , and may participate in modulating the differentiation of CD4 effector T cells (94) . Recently, many efforts are focused on the physiological tolerance mediated by TGF-beta that either induces the differentiation of adaptive regulatory T cells in periphery or negatively regulates the production of Th1 cytokines such as IFNgamma (reviewed in 91).
Local expression of TGF-beta in the pancreatic islets protects NOD mice from T1D via polarization of GAD-specific response towards an IL-4-producing Th2 phenotype (95) . Splenocytes from HIP-TGF-beta transgenic NOD mice reduce the diabetic frequency in transferred NOD.scid recipients. However, splenocytes isolated from transgenic donors treated with anti-IL-4 antibody lose their protective potential when transferred into recipients. The result also demonstrates that TGF-beta expressed in islets expands intra-islet but not splenic FoxP3-expressing CD4 + CD25
+ regulatory T cells (96) . Interestingly, T cell receptor repertoires of splenic T cells isolated from TGF-beta transgenic mice are decreased. Although the mechanisms driving the Th2 polarization and diminished T cell receptor repertoires are still unclear, the data from TGF-beta transgenic mice suggest a novel regulatory role of TGF-beta on CD4 T cell differentiation in NOD mice, and imply an unraveling complicated cellular interaction during immunopathogenic process in autoimmune diabetes.
Contact-dependent effectors and antagonists
As described previously, immune cells infiltrated into pancreas composed of CD4 T cells, CD8 T cells, B cells, DCs, and macrophages. At first, disease is initiated by infiltration of antigen-presenting cells, particularly DCs, into pancreatic islets followed by CD8 T cells that recruited earlier than CD4 T and B cells (16, 97, 98) . Previous experiments demonstrated that CD4 and CD8 T lymphocyte are both essential for adoptively transferring diabetes (99, 100) . Depletion of either T cell subset fails to transfer diabetes into young irradiated NOD recipients. However, later experimental findings revealed that either splenic CD4 T cells from NOD mice or cloned isletreactive CD4 T cells can transfer islet inflammation (insulitis) into immunocompromised hosts independent of CD8 T cells (18, 82, 101) . This result highlights the "dominant" diabetogenic ability of CD4 T over CD8 T cells. However, NODβ2m null mice deficient in MHC I expression leading to a poor development of CD8 T cells develop neither insulitis nor diabetes (102) (103) (104) (105) . Moreover, the incidence of diabetes is significantly decreased in transgenic mice locally expressing adenoviral early 3 (E3) region in beta cells that interferes with MHC I-mediated antigen presentation and inhibits cytokine-induced apoptosis (106) . Furthermore, perforin-deficient NOD mice reveal reduced incidence and delayed onset of diabetes (107) , suggesting that perforin-dependent cytotoxicity is crucial for the beta cell destruction in effector phase and the process is possibly contributed mainly by CD8 T cells. These results highlight the importance of CD8 T cells rather than CD4 T cells for the destruction of beta cells in T1D.
More recently, a report demonstrates that local expression of B7-1 transgene on pancreatic islets in NOD mice converts the beta cells into effective APCs resulting in a rapid and severe autoimmune attack (108) . In 2005, Wong, et al. generated B6.H-2 g7 /RIP-B7-1 mice and successfully proved that expression of B7-1 on islets promotes the diabetic progression in its congenic B6.H-2 g7 mice (109). Splenocytes from B6.H-2 g7 /RIP-B7-1 could transfer autoimmune disease into NOD.scid/RIP-B7-1 but not NOD.scid mice. It seems that local expression of costimulatory molecule B7-1 is critical for autoreactive CD8 T cells to break tolerance. Although immunohistochemical analyses of NOD pancreatic sections revealed no evidence of B7-1 or B7-2 expression on beta cells prior to the onset of either spontaneous or cyclophosphamide-induced diabetes, these transgenic mouse models still provide an insight into the pathogenic mechanism mediated by CD8 T cells in autoimmune diabetes (110) . However, the fact that a relatively low number of BALB/c/RIP-B7-1 (4/35) and none of B6/RIP-B7-1 (0/40) mice developed autoimmune diabetes for 30 weeks also emphasizes the significance of MHC II and CD4 T lymphocytes in the development of T1D.
Whatever CD4 or CD8 T cells, much current attention has been focused on how to efficiently prevent destructive behavior of autoreactive T lymphocytes that infiltrate into the pancreas. For this purpose, many immune-regulatory molecules have been tried to express on beta cells in order to downregulate activated T lymphocytes. These transgenic models help to dissect the activation phase of antigenspecific T cells as well as to verify the respective tolerance efficacy of each regulatory molecule on T1D.
Programmed death 1 ligand 1 (PD-L1)
Programmed death 1 (PD-1) is inducibly expressed on activated T lymphocytes and provides an inhibitory signal that shapes the immune response. One of its ligands, programmed death 1 ligand 1 (PD-L1), is expressed not only on hematopoietic immune cells but also on non-hematopoietic cells such as vascular endothelial cells and pancreatic islet cells (111) . There is cumulative evidence that PD-L1 plays a significant role in peripheral tolerance (112) (113) (114) . To efficiently suppress the isletresponsive T cells either CD8 or CD4 T cells, local expression of inhibitory signals on beta cells seems fascinating. It has been reported that PD-1-PD-L1 axis not only inhibits the induction of self-reactive T cells but also maintains peripheral tolerance in NOD mice (115) . Moreover, PD-L1 +/+ but not PD-L1 -/-islet graft prolongs the physiological function against self-reactive T cells in diabetic mice (116) . Our laboratory has currently generated transgenic NOD mice locally expressing PD-L1 on beta cells to enhance the suppressive function against autoimmune T cells. Our results reveal a significant protection of these transgenic mice against autoimmune diabetes (unpublished data). All results described above emphasize the potentials that overexpression of inhibitory molecules on beta cells would enhance an impressive immune tolerance including antigen-specific suppressive effect and maintenance of the immune homeostasis.
Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)
The homologous proteins CD28 and CTLA-4 (CD152) play opposing effects on T cell activation. CD28/B7 interaction serves as a positive costimulatory signal upon TCR engagement with peptide/MHC complex (117) . In contrast, CTLA-4/B7 interaction negatively regulates T cell activation by downregulating the ongoing T cell response such as cell cycle progression, IL-2 production, and T cell proliferation upon activation (118, 119) . Now it has been well characterized that CTLA-4 plays a critical regulatory role both in the induction and maintenance of immune tolerance (120, 121) . Administration of anti-CTLA-4 mAb seems to act as an antagonistic function by blocking CTLA-4/B7 interaction and thus enhancing immunity on T cell activation (122) (123) (124) (125) (126) . It has been reported that transduction of negative signaling via CTLA-4 by using CTLA-4-specific single chain antibody (scFv) requires cross-linking of CTLA-4 molecules in conjunction with T cell receptor engagement either by anti-CD3 or MHC/peptide complex (127) . Thus anti-CTLA-4 scFv could successfully act as a CTLA-4 agonist accompanying with TCR signaling. This approach has been applied onto the therapy for autoimmune diabetes by expressing this single chain antibody on B cell (128) . It could be a potential approach to express anti-CTLA-4 scFv on pancreatic beta cells combined with MHC/self antigen complex to deliver an inhibitory signal into activated T cells and block their effector function. Our unpublished results about transgenic NOD mice locally expressing this membrane-bound single chain anti-CTLA-4 molecule on beta cells indicate that tissue-specific overexpression of this molecule effectively protects islet from autoimmune T cell attack (unpublished data).
FasL
Peripheral tolerance is maintained through the deletion of autoreactive lymphocytes (induction of apoptosis), functional inactivation (anergy), or suppression of cell activation via regulatory T lymphocytes. Homeostasis of immune system mediated by the induction of apoptosis is maintained in part by members of the tumor necrosis factor (TNF) and TNF receptor (TNFR) family (reviewed in 129). Fas and FasL are both expressed on activated T lymphocytes. Activated T cells might undergo apoptosis when meet another T cells with FasL. Some efforts have been made to overexpress FasL on pancreatic islets and to see whether this strategy can "kill" the infiltrated T cells in pancreatic islets, but unexpectedly those transgenic NOD mice revealed higher susceptibility to the development of diabetes than their control littermates (52, 130) . It has been demonstrated that during the natural course of autoimmune diabetes, beta cells would also express Fas by the induction of T cells and inflammatory cytokines leading to subsequent cell death via Fas-FasL interaction (52, 131, 132 ). These transgenic beta cells then committed to suicide rather than be protected.
Decoy receptor 3 (DcR3)
Considering about the risk caused by the overexpression of FasL in beta cells discussed above, we have tried to adopt a soluble form of death receptor, decoy receptor 3 (DcR3) and to investigate its potential in preventing beta cell damage (133) . DcR3 is a soluble death decoy receptor belonging to the TNFR family, and it blocks death signaling mediated by several other TNFR family members, such as Fas and LTbeta receptors. It has been well characterized that soluble DcR3 directly interacts with FasL (134), LIGHT (135), or TNF-like molecule 1A (TL1A) (136) , and thus neutralizes their biological effects such as cytotoxicity. Transgenic NOD mice bearing DcR3 specifically expressed on beta cells (HIP-DcR3) were significantly protected against spontaneous, cyclophosphamide-induced, and pathogenic T lymphocytetransferred diabetes (133) . Moreover, transgenic islets expressing high level DcR3 reveal a higher transplantation success rate and longer survival in diabetic recipients, compared with wild type grafts (133) .
It has also been demonstrated that NOD mice transgenic for a dominant-negative Fas in beta cells initiated an early interference in the Fas pathway and prevented from autoimmune diabetes (137) . Moreover, blockade of LIGHT signaling by one of its soluble receptors, HVEM-Ig, ameliorated the severity of spontaneous autoimmune diabetes (138) . Furthermore, LIGHT blockage significantly inhibited anti-CD3-induced T cell proliferation in vitro. Therefore, it is very likely that DcR3 protects beta cells from apoptosis by neutralizing the FasL-or LIGHT-bearing cell-mediated cytotoxicity and thus preserves the integrity and function of islets.
4-1BB
4-1BB (CD137), another member of TNFR superfamily, is a costimulatory receptor primarily expressed on activated T cells and natural killer cells in human, and also on unstimulated splenic DCs in mice. 4-1BB signaling augments T cell proliferation and cytokine production through both CD28-dependent andindependent mechanisms (139) . An anti-4-1 BB mAb has been shown to inhibit T cell-dependent antibody response, presumably by inducing anergy in T helper (Th) cells, either directly or indirectly through induction of regulatory T cells (140) . The use of an agonistic mAb in a mouse model of EAE results in a significant decrease in incidence and severity of disease (141) . However, our results demonstrate that transgenic NOD mice that express an agonistic single-chain anti-4-1 BB Fv on the surface of beta cells presumably to induce the apoptosis of T cells unexpectedly reveal a faster and severer diabetes and higher mortality rate (142) . The detailed mechanism is not clear now, and 4-1 BB-4-1 BBL axis might play more complicated role in T cell proliferation and immune function in T1D mouse model than reached so far.
ISLET TRANSPLANTATION
T1D affects millions of individuals worldwide with failure of glycemic control that leads to renal damage, retinopathy, neuropathy, heart disease, and circulatory complications. It has been reported that insulin therapy alone could not prevent these complications. Thus, the methods of efficiently preserving islet function and maintaining physiological glucose control are critically needed in clinical settings. Although Edmonton protocol is now established to successfully restore long-term endogenous insulin production and glycemic stability, insulin-independence could not be sustained overtime after the final transplantation (143). Finally, the issue of life-long immunosuppressive needs must be considered in all recipients following transplantation. It has been estimated that 60-70% of the transplanted beta cell mass may be lost in the early post-transplant period in both immunodeficient and syngenic islet transplantation models (144) (145) (146) . It has also been suggested that non-immune mediated physiological stress such as hypoxia, ROS or instant bloodmediated inflammatory reaction (IBMIR) induces platelet activation, clot formation and performs the initial wave of islet graft demise (147, 148) . Thus, islet grafts must be equipped with the protective abilities against oxidant stress, apoptosis, and subsequently against autoimmune destruction, leading to a better and longer survival.
Transgenic mice bearing protective transgenes expressed in pancreatic islets are powerful tools for evaluating their protective effects and mechanisms in T1D. Moreover, counter-regulation mediated by these transgenes could be monitored systemically; on the other hand, these transgenic islets can easily be isolated and mimic clinical situation when transplanted into overt diabetic mice and traced for the protective efficacy. However, in clinical, the islet grafts from donors must be transduced first with viral vectors carrying protective genes before they can be transplanted into recipients. This procedure obviates direct contact of delivery vectors with patients. The most adopted vector systems used in animal models are adenovirus, adeno-associated virus (AAV), and lentivirus which could target both dividing and quiescent cells. Though adenovirus efficiently infects islet cells with low MOI and without affecting beta cell function and survival (149) , it expresses as episomal form and could not persist for a long time in infected cells. AAV or lentivirus, in contrast, could integrate its genome carrying target gene into host chromosome and prolong the expression time (150) (151) (152) without eliciting strong immune response. However, insertional effects pose new biosafety concerns.
Some protective genes such as TRX and Bcl-2 introduced into islet grafts reveal efficient antiinflammation and are resistant to apoptosis stress (reviewed in 153). Besides, polarized immune response to Th2 might provide significant protection in T1D. It has been shown that islet grafts transduced with lentivirus carrying IL-4 mediated an impressive resistance to insulitis (154) . Inhibitory immunomodulatory molecules such as PD-L1 and CTLA-4 should provide more widely application against the overt immune destruction of grafts. Now potential protective genes are proved and gathered through transgenic animal models or islet transplantation assay, and these have shown potential for a new direction in gene therapy.
CONCLUSION
The T1D is a progressive autoimmune disease with complex interactions of immune cells and pancreatic islet milieu. Using transgenic animal models, we systemically and clearly dissect the complicated signal pathways and mechanisms such as inflammatory stimuli, death signals, and activation/tolerance imbalance involved in T1D. On the other hand, more approaches about the counter-regulation against the destructive signaling or immune cell differentiation have been explored using these powerful transgenic mouse models (Figure 2 ). Now facing the most efficient therapy of T1D, islet transplantation, besides advanced skill for isolation of islet grafts and transplantation procedure, using genetically engineered islet cells will provide better opportunities improving survival and maintaining function. 
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